The telomeric class III region of the major histocompatibility complex is gene dense, but apart from the three tumour necrosis factor (TNF) superfamily members (TNF, lymphotoxin alpha and lymphotoxin beta) little is known of the expression and function of the majority of the genes. Recent genetic studies in autoimmune diseases, particularly rheumatoid arthritis (RA), have suggested a human leukocyte antigen (HLA)-DR-independent disease effect in this region. To gain further insights into these associations, we used lipopolysaccharide-stimulated human macrophages to examine inducible mRNA expression and genotype-phenotype relationships for genes in this region. Following stimulation in addition to the expected induction of TNF mRNA, a 14-fold increase of ATP6V1G2 at 18 h (Po0.001) was seen, whereas B-associated transcript (BAT)2 (Po0.001) and leucocyte-specific transcript (LST)1 (Po0.001) were both downregulated. By genotyping single-nucleotide polymorphisms spanning a 70 kb interval centred on the TNF locus, we constructed haplotypes and determined associated expression profiles for 10 genes in the cluster using quantitative real-time polymerase chain reaction. Overexpression of BAT1 mRNA was associated with carriers of a haplotype containing the LST1 marker transmitted to RA cases in a family study and also DRB1*15 associated with susceptibility to nephritis in systemic lupus erythematosus. The implications of our findings for the understanding of genetic associations with disease susceptibility in this region are discussed.
Introduction
Evidence that the genetic contribution of the major histocompatibility complex (MHC) with rheumatoid arthritis (RA) is polygenic has emerged over the past decade. Initial reports were limited by the use of small marker sets primarily DRB1 and tumour necrosis factor (TNF) locus microsatellites or single-nucleotide polymorphisms (SNPs). Despite this, evidence of DRB1-independent associations with RA susceptibility were reported in studies from Ireland, 1 Spain, 2,3 Canada 4 and Peru. 5 A British 6 and two Dutch studies 7, 8 reported independent associations of the TNF promoter SNPs with more severe radiological damage. A subsequent casecontrol study typed 18 microsatellites across the MHC and reported association with a region in the telomeric class III region, 9 and another reported DRB1-independent associations with six marker haplotypes covering the class III and centromeric class I regions. 10 Recent studies have used larger populations and marker sets. A US multicase RA family study typed 54 markers across the MHC and detected two non-DRB1 effects, one in a 497 kb region extending from the C4 to HLA-C loci and a second more telomeric within 600 kb of the class I region. 11 We examined transmission of DRB1 alleles and 13 telomeric SNPs in 164 British RA families and found overtransmission of two SNPs in the telomeric class III region and another in the centromeric class I region. 12 Two large Japanese case-control studies have used highthroughput genotyping technology and reported up to three additional genetic effects telomeric of DRB1. 13, 14 Another British study compared haplotypes across the class III region in DRB1*0404-matched cases and controls and detected two RA-associated haplotypes in a 126 kb region surrounding the TNF locus. 15 There is therefore substantial evidence of additional RA genetic susceptibility telomeric of DRB1 with some evidence particularly implicating the telomeric portion of the class III region. This region is particularly gene rich with a 122 kb interval around the TNF locus containing at least 11 genes: HLA-B-associated transcript (BAT)3, BAT2, allograft inhibitory factor 1 (AIF-1), natural cytotoxicity triggering receptor (NCR)3 (previously known as 1C7), leucocyte-specific transcript (LST)1, lymphotoxin beta (LTB), TNF, lymphotoxin alpha (LTA), nuclear factor of k B inhibitor-like polypeptide 1 (NFKBIL1), ATPase H þ transporting lysosomal V1 subunit (ATP6V1G2) and BAT1. Apart from the three TNF family members, the functions of the other proteins are poorly defined, although some evidence for an immune-related role  exists for AIF1,   16   LST1   17 and NCR3. 18 Two recent Japanese studies have suggested NFKBIL1 as a susceptibility gene for RA; 14, 19 however, this has not been replicated in our British family study 12 or in a Spanish case-control study. 20 The identification of these non-HLA-DR-associated MHC susceptibility genes will require more powerful genetic analyses using dense marker sets and large cohorts. Understanding the basis of the association of any such candidate genes identified with disease susceptibility will also require better functional characterization of these genes. As a complementary strategy, we hypothesized that RA-related genes may be regulated by a proinflammatory stimulus, and that genetic variation may influence over-or underexpression of such disease-related genes. Given the strong linkage disequilibrium in this area of the genome, we have defined haplotypes using SNPs spanning the 70 kb interval around the TNF gene. In this study, we have analysed haplotype-phenotype associations in lipopolysaccharide (LPS)-stimulated macrophages for 10 genes in this region and report novel haplotype-gene expression relationships, which may influence disease susceptibility.
Results

Expression and inducibility of genes in the cluster
Most apparent from an initial survey of the levels of expression of the 10 genes quantified (Figure 1 ; LTA mRNA transcripts were not detected) was that interindividual levels on stimulation varied widely for some (such as LTB, BAT3 and AIF1) but much less so for others (BAT2, NFKBIL1). This variability did not appear to be related to the relative abundance of each mRNA (data not shown). Following LPS stimulation, TNF was markedly induced at 4 h (median stimulation index (SI) of 12, mean of 39) and had returned to baseline levels at 18 h. This is similar to the kinetics of TNF mRNA production, which have been reported previously and this finding was used to confirm successful and typical LPS stimulation. The other upregulated gene was ATP6V1G2, and although the kinetics of induction were different from TNF with most marked induction at 18 h (median SI of 14, mean SI of 36), levels were beginning to rise at 4 h (median SI of 1.3, mean SI of 4.2). At 18 h expression of two genes, BAT2 and LST1 was significantly reduced (BAT2, median SI of 0.26, mean SI of 0.34; LST1, median SI of 0.22, mean SI of 0.48). Levels of BAT3 at 18 h were also reduced with a median SI of 0.24, mean of 0.70; however, these values were not significantly different from unity.
Induction of ATP6V1G2 is not dependent on TNF In order to examine whether ATP6V1G2 expression was simply a consequence of higher TNF production, we correlated production of TNF at 4 h with ATP6V1G2 production at 4 and 18 h as well as TNF production at 18 h. Induction of TNF at 4 h was strongly correlated with TNF production at 18 h (Spearman's rank correlation coefficient, r's ¼ 0.63, Po0.0001) as would be expected, but not with ATP6V1G2 production at 4 or 18 h (r's ¼ 0.09 and 0.09, respectively, P not significant), suggesting that the induction of these two genes are independent events following LPS stimulation. Likewise, TNF production was not associated with the degree of downregulation of either BAT2 or LST1 at 18 h (r's ¼ 0.16 and 0.11, respectively, P not significant).
The haplotype structure of the cluster We next constructed haplotypes using genotype data from both the macrophage samples and blood donors pooled (n ¼ 306). In total, 92 SNP haplotypes were detected, with six having a frequency above 0.05 (haplotypes 1-6, Table 1 ). Haplotype 1 bears the TNF-308*2 allele and is associated with carriage of DR*0301 (Po0.01, w 2 ) corresponding to the 'ancestral' A1 B8 DR3 haplotype. Furthermore, haplotype 2, which carries the LST1*2 allele, is associated with carriage of DR*15 (Po0.01, w 2 ). Frequencies of these two 'extended haplotypes' designated A and B are also given in Table 1 . Numbers of carriers of haplotypes 1-3 and overlap between carriers of each of these haplotypes are shown in Table 2 . From this, it can be seen that overlap between carriers of the three most common haplotypes was limited, with carriers of both haplotypes 1 and 2 being most common (seven individuals).
Genotype-phenotype associations
The presence of any associations between the six cluster haplotypes and expression of the 10 gene transcripts before and after 4 and 18 h of LPS stimulation was next determined. This analysis was performed for all genes regardless of whether significant induction was seen. Expression profiles for haplotypes 1-3, which include all statistically significant associations, are shown in Figure 2 . Carriers of at least one copy of haplotype 2 was consistently associated with 1.5-to 1.7-fold higher levels of expression of BAT1 transcripts compared to each population mean under all three conditions analysed (unstimulated, and after 4 or 18 h of LPS stimulation). After 4 h of LPS stimulation, higher levels of TNF (1.3 Â population mean), LTB (3.5 Â population mean) and BAT2 (1.2 Â population mean) mRNA were observed. In contrast, carriers of haplotype 1 was associated with higher levels of AIF1 (5.2 Â population mean) and BAT3 (2.1 Â population mean) transcripts, as well as BAT1 (1.7 Â population mean) and BAT2 (1.5 Â population mean) after 4 h of stimulation. In addition to absolute expression, we examined the inducibility of each of the four genes whose levels were modulated by LPS. No associations between inducibility of TNF, ATP6V1G2, BAT2 or LST1 as assessed by the SI and the haplotypes defined above or indeed DRB1 genotype were observed, however (data not shown).
Discussion
In this study, we report a number of observations, which may be of relevance to understanding the basis for the association of the telomeric MHC with autoimmune diseases. We have shown that three genes in the cluster, ATP6V1G2, BAT2 and LST1 in addition to TNF, are modulated at the mRNA level in macrophages by an inflammatory stimulus, TLR signalling initiated by LPS. This suggests the possibility that they are involved in inflammatory processes or the regulation of inflammation. The ATP6V1G2 gene encodes one of two characterized isoforms of the 13 kDa G-subunit of the multicomponent vacuolar ATPase (V-ATPase), a membrane-associated proton pump with critical roles in the regulation of the cytosolic pH and acidification of intracellular organelles. 21 This acidification is central to a number of fundamental cell functions such as protein sorting and degradation, generation of secretory granules and endocytosis, and is known to be important for inflammatory and immune cell differentiation and function. Salt stress causes an increase in the expression of V-ATPase subunit-encoding transcripts in higher plants. 22 Activation of neutrophils via the protein kinase C pathway causes upregulation of V-ATPase activity, and it is suggested that this is necessary to maintain intracellular pH during the metabolic burst associated with neutrophil activation, degranulation and phagocytosis. 23 Studies in alveolar macrophages have demonstrated that inhibition of V-ATPase reduces TNF production 24 and bactericidal activity, 25 suggesting an important role for this enzyme in the inflammatory functioning of macrophages. The maturation of dendritic cells is associated with a substantial increase in V-ATPase activity, regulated mainly by recruitment of inactive subunits. 26 Interestingly, a recent study has demonstrated that expression of the d2-subunit of V-ATPase is restricted to subsets of dendritic cells, suggesting that alterations in subunit expression may not only regulate enzyme activity but also influence immune cell differentiation and function. 27 The G2 isoform mRNA has been detected in a number of tissues with the highest expression seen in the nervous system. 28 We have observed induction of this isoform in monocyte-derived macrophages (MDMs) with a maximal increase at 18 h. Hence, genetically determined variation in this induction could influence inflammatory functions of macrophages and dendritic cells, the ability to present antigen and susceptibility to inflammatory diseases. 
Abbreviations: AIF, allograft inhibitory factor; BAT, B-associated transcript; LTA, lymphotoxina; LST, leukocyte-specific transcript; NCR, natural cytotoxicity triggering receptor; NFKBIL1, nuclear factor of kB inhibitor-like polypeptide 1; TNF, tumour necrosis factor. Local haplotypes, designated 1-6, and extended haplotypes including DR alleles, designated A and B, with a frequency in the study population 40.05 are shown. X denotes any haplotype other than 1, 2 or 3.
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Transcription of LST1 is constitutive in a number of immune cells, and study of its expression and function is complicated by multiple splice variants. 17 Fourteen splice variants in total have been detected including some with and some without transmembrane domains implying that there may be secreted and cell surface forms of the protein. The mRNA encoding seven of these variants has been detected in dendritic cells and leucocytes. However, the effect on protein or a functional role of alternative splicing has not been demonstrated. Differing expression patterns of splice variants among subsets of leucocytes or changes after stimulation were not found. An earlier report, however, did show that the LST1/A transcript was expressed in CD8 þ T cells exclusively following stimulation with interferong. 29 A detailed characterization of the function and regulation of all 10 LST1 polypeptides has not been performed, and therefore further interpretation of our findings is difficult. However, the downregulation of transcript levels at 18 h after stimulation is consistent with a role in immunomodulation as has been suggested previously.
We were able to identify a gene expression profile associated with haplotype 2, comprising high expression of BAT1 most consistently, also increased expression of BAT2, LTB and TNF after the 4-h stimulation. This haplotype bears the LST1*2 allele shown to be overtransmitted to RA cases in our family study 12 and also carries HLA-DRB1*15, the allele responsible for the serological DR2 specificity. This specificity is associated particularly with susceptibility to lupus nephritis, 30 and there is considerable evidence from human studies 31 and animal models 32 that this may be mediated by low production of TNF in association with DR2-carrying haplotypes. The BAT1 gene product encodes an ATPdependent RNA helicase of the DEAD-box family and is believed to have a role in pre-mRNA splicing and export from the nucleus. 33 The use of RNA interference to reduce BAT1 mRNA levels in stably transfected Jurkat cells resulted in an increase in proinflammatory cytokine production in response to mitogen activation, suggesting that BAT1 may have a role as a negative regulator of inflammation. 34 Although haplotype 2 itself is not associated with RA, these findings suggest the possibility therefore that overexpression of BAT1 may play a role in susceptibility to RA as well as systemic lupus erythematosus (SLE) nephritis. It is somewhat surprising that high TNF mRNA levels were found to be associated with haplotype 2 and not the ancestral haplotype 1 as might be expected from both human 35, 36 and in vitro studies. 37 The magnitude of this difference was only 1.3 above the mean and therefore may not be biologically significant. It is interesting to note that overexpression of LTB mRNA was associated with haplotype 2 at 3.5 Â above the population mean, but likewise only at the 4-h time point.
It is important to note the caveats to our studies. Levels of mRNA may not correlate with levels of expression of the cognate protein. We measured total mRNA expression rather than each individual splice variant, which could be relevant for the bioactivity of individual genes. Finally our chosen inflammatory model, LPS-stimulated macrophages, may be more relevant to disease states mediated by acute inflammation such as sepsis.
Our results suggest that within this RA-associated cluster in the telomeric MHC, ATP6V1G2 and BAT1 may be of particular interest as candidate susceptibility genes for RA and possibly SLE nephritis because of induction 
by an inflammatory signal and the disease-relevant genotype-phenotype associations, respectively. Given our limited sample size, the latter findings will need confirmation in larger cohorts. We suggest that further studies should focus on functional characterization of these gene products with respect to pathogenetic roles.
Materials and methods
Subjects
Healthy volunteers (n ¼ 106) provided 100 ml blood samples after giving informed consent. The study was approved by the South Sheffield Research Ethics Committee (Protocol No. SS/02/080). For haplotype analysis, an additional 200 individuals were recruited from the Sheffield Blood Transfusion Service after appropriate ethics approval and donor consent was obtained.
Cell preparation and stimulation
Primary human peripheral MDM were isolated from healthy volunteers, by density centrifugation of heparinized blood using standard techniques. Monocytes were cultured for 7 days in flat-bottom 24-well plates (1 Â 10 6 cells/well), in 1 ml Roswell Park Memorial Institute 1640 medium/well (Invitrogen Ltd, Paisley, UK) supplemented with 2 mM L-glutamine and 10% foetal calf serum, at 371C in 95% air, 5% CO 2 . Where indicated, macrophages were then activated with 100 ng/ml LPS from Escherichia coli O55:B5 (Sigma Chemical Co, St Louis, MO, USA) and cell pellets harvested after 4-and 18-h incubations.
Transcript quantitation
Total RNA was prepared from cell pellets using Trizol (Invitrogen Life Technologies, Carlsbad, CA, USA) and contaminating genomic DNA removed by digestion with RNAse-free DNAse B (DNA-Free kit, Ambion, Austin, TX, USA). Reverse transcription (RT) was performed with ImpromII (Promega, Madison, WI, USA) and random primers. In order to quantitate expression of each gene transcript, the resulting cDNA was used as a template for real-time quantitative polymerase chain reaction (PCR) with gene-specific primers (Table 3 ). All primer pairs were predicted, on the basis of searches of the UNIGENE database, to amplify from known splice variants of each gene, except in the case of the LST1 primer pair, which amplifies 11 of the 14 known variants. Each PCR product was detected with the doublestranded DNA-binding dye SYBR Green I (Applied Biosystems, Foster City, CA, USA) and the ABI 7900HT sequence detection system (Applied Biosystems). Quantitation was performed by relating threshold cycles for the detection of each PCR product to standard curves generated from a reference cDNA preparation and 18S was used as a cDNA loading control. Control RT reactions for each sample omitting the reverse-transcriptase enzyme were also performed and real-time PCR carried out with 18S primers in order to establish the degree of genomic contamination. This was confirmed to be less than 1% compared to cDNA in all samples used for the study.
Genotyping
Genotyping was performed for SNPs using TaqMan fluorogenic 5 0 nuclease assays (PE Biosystems, Foster City, CA, USA). Details of the methodology and primer sequences for SNP typing have been described previously, 12 details of the SNPs included in this study are given in Table 4 . HLA-DR typing and subtyping was performed using sequence-specific oligonucleotide primers. 38 Haplotype allocation Multilocus haplotype estimation was performed using SNPHAP. 39 This programme assigns each individual the most likely haplotype configuration along with a probability. Individuals were classified as being carriers of a haplotype if P40.80. Carriers of one or two copies were classified together (the majority carried single copies). 
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Genotype-phenotype association analyses Levels of expression of each mRNA in response to LPS stimulation were described as an SI, representing the ratio of transcript level at each time point to that at baseline. All experiments with an individual donor were performed concurrently with the same reagents, thus controlling for the possibility of LPS contamination. With the exception of the SI values for NFKBIL1 data did not conform to the normal distribution and therefore nonparametric statistical methods were used throughout. Significant up-or downregulation was established by employing the Wilcoxon signed-rank test to compare each median SI value to a theoretical median of 1 (representing no change). In order to compare the levels of each mRNA transcript with the other nine and thence to derive haplotype-associated expression profiles it was necessary to perform a transformation. Relative expression of each mRNA was converted into a standard normal variate by subtracting the mean expression level for the population from the value for each sample and then dividing by the s.d., and expressed as normalized relative units (NRU). In this way, expression levels for different transcripts could be displayed concurrently. Haplotype-associated under-or overexpression of an mRNA was established by comparing expression in NRU for each haplotype against a theoretical median of 0 (representing the mean for all subjects) using the Wilcoxon signed-rank test. All significant P-values (o0.05) are shown in Figure 2 , with the magnitude of the difference from the population mean (expressed as a multiple of the population mean, x). Abbreviations: AIF, allograft inhibitory factor; BAT, B-associated transcript; LTA, lymphotoxina; LST, leukocyte-specific transcript; MHC, major histocompatibility complex; NCR, natural cytotoxicity triggering receptor; NFKBIL1, nuclear factor of kB inhibitor-like polypeptide 1; TNF, tumour necrosis factor.
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